In karst areas, groundwater is an important water source for drinking and irrigation purposes; however, karst aquifers are vulnerable and recovery from damage is difficult. We collected surface water (pond and river water) and groundwater (hand-pump well, dug well, and borehole water) samples in Qingyuan city, China, to determine the major chemicals in the water with the primary goals of evaluating the geochemical composition, identifying the geochemical processes governing the water chemistry, and identifying the probable sources of potential contaminants in shallow and deep groundwater in the study area. The results revealed marked differences in water chemistry between shallow and deep groundwater. The groundwater composition was largely controlled by rock-water interactions, particularly the dissolution of evaporite minerals (e.g., calcite, gypsum, and anhydrite), and ion exchange processes were important drivers of the chemical compositions of groundwater in the study area.
Introduction
Over the last few decades, rapid growth of urban population has resulted in dramatic increases in water use and wastewater production in many developing countries worldwide.
1 Because groundwater is a major water resource, anthropogenic degradation of groundwater quality has attracted signicant interest. In particular, groundwater from karst aquifers is an important drinking water resource in karst regions, but is particularly vulnerable to anthropogenic contamination due to the porous nature of karst terrain. 2, 3 Groundwater hydrochemistry and quality evaluations are used to clarify mineralization processes, and are also useful for exploring water-rock interactions and analyzing area-specic environmental issues. 4 Groundwater studies largely focus on the main hydrochemical processes that affect groundwater quality and hydrochemical proles. 5, 6 Hydrochemical analyses can help dene chemical reactions produced by water-rock interactions, and water-rock interactions or anthropogenic sources of pollution can also be interpreted in the context of related reactions and processes.
7,8
Qingyuan city is located in a typical karst area in Guangdong Province, China, characterized by high spatial hydrogeological heterogeneities. This karst environment is vulnerable and recovery of function of karst aquifers is difficult once damaged. Issues related to pollution-intense industry relocation driven by globalization, at both a national and regional scale, are becoming increasingly relevant under current policy-making and environmental regulations. Guangdong Province is considered a pollution haven for overseas industries, and Qingyuan, located in northern Guangdong Province, is becoming a pollution haven for the Pearl River Delta. 9 Qingyuan is the largest prefecture-level city in Guangdong Province, and anthropogenic sources of pollution therein are mainly derived from extensive urbanization, farming and agriculture practices, and industrial activities. Evaluating the groundwater quality and impact of human activities in this large karst area is a necessary and pressing task. Therefore, the objectives of this study were to (1) examine seasonal variations in water chemistry, (2) determine the geochemical processes and factors controlling the chemical compositions of karst water, (3) elucidate the chemical evolution of surface water and groundwater, and (4) identify probable sources of potential contaminants.
Study area
The study area was in Qingyuan ( Fig. 1 ). There are three morphologically distinct formations in the study area: plains, hills, and mountains.
The maximum elevation, in the mountainous region, is nearly 1570 m and the minimum elevation, in the plains, is approximately 4 m. The area has a subtropical monsoon climate with an annual mean temperature of 20.6 C and annual precipitation of 1556 mm. Several rivers run through the plain, including Lianjiang River, Pajiang River, Beijiang River, and their tributaries. Two types of rocks are exposed in the study area: limestone formed from the Late Paleozoic to Mesozoic (Triassic) and granite formed during the Yanshanian. Carboniferous carbonate rocks are widely exposed and typical synclinaltectonic karst basins associated with peak-forest plains and peak-cluster depressions are widely distributed. Fissures and fractures have extensively developed in carbonate rocks, promoting karstication of the basin, and the high precipitation ensures abundant groundwater resources.
Sample collection and pretreatment in the eld
The water samples were collected from three ponds, 13 handpump wells, 11 dug wells, 19 boreholes, and nine other locations along various rivers. The sampling locations are shown in Fig. 1 . To investigate seasonal variability, samples were collected at the three ponds and 13 of the boreholes on select days during both the dry season (January 2017) and rainy season (September 2017).
Before sample collection, each sample bottle was washed with nitric acid to remove cations and then rinsed with distilled water. In addition, the sample bottles were rinsed thrice with the same water before sample collection.
Analytical methods
Environmental parameters (pH, electrical conductivity (EC), and temperature) were stabilized and measured with a multiparameter measurement device (DR/800; HACH, Loveland, CO, USA) during pumping. Water samples were ltered through 0.22 mm pore-size membrane lters (Millipore, Burlington, MA, USA) to remove suspended particles and microorganisms, aer which major cation samples were acidied to pH < 2 with HCl immediately aer sampling. All The analytical precision of the major ions was within 1%. The ion balance errors of most water samples were <10%, and some were >10 (Appendix A). The ion balance error higher than 10% in some samples may result from the existence of unanalyzed anions and cations such as organic acids in water. 10, 11 Still, there should be further research on the factors affecting the higher error of ion balance. ) in the rainy season.
Results and discussion

Field parameters
Water chemistry
Piper trilinear diagrams summarize the differences in hydrochemical composition among water sources.
13 Fig. 2 presents the piper trilinear equivalence diagrams of the samples. Overall, the hydrochemistry was dominated by alkaline earth metal ions, although weak acids, Ca
2+
, and bicarbonate also made substantial contributions to the water chemistry composition. Overall, according to the analysis of major ionic composition, Ca-HCO 3 and Ca-SO 4 were the two main waters types, although three of the pond samples had Ca-HCO 3 -type water. The majority of handpump and dug well samples had Ca-HCO 3 -type water, probably as a consequence of calcite dissolution. Most borehole and river samples were Ca-HCO 3 type, accompanied by Ca-SO 4 in several boreholes and river samples. Ca 2+ and HCO 3 À ions result not only from dissolution of carbonate rocks, but potentially also from the hydrolysis of sandstone cement or, to a limited degree, feldspar dissolution in basement rocks.
14,15
Most river samples and some hand-pump and dug well samples tended to be slightly enriched in SO 4 2À and Cl (Table 1) . Na + and K + concentrations in shallow groundwater also tended to be enriched compared to the deep groundwater samples. In addition to natural sources, anthropogenic activities (e.g., deicing, fertilizer, and wastewater) produce K + and Na + ions that can enter the groundwater,
14,16
and almost all shallow groundwater samples from both the residential and karst areas were more vulnerable to contamination. By contrast, the deep groundwater tended to be more enriched in Mg 2+ than the shallow groundwater. According to the incongruent dissolution of dolomite, the increase in Mg 2+ corresponded to the increased residence time in limestone.
17
Since the deep groundwater was in the karst area, the enrichment in Mg 2+ may have resulted from the long residence time of groundwater.
Chemical evolution of groundwater
The soluble ions in natural waters mainly originated from rock and soil weathering and anthropogenic inputs, and partly from atmospheric inputs. The inuence of rock weathering, evaporation, and precipitation on water chemistry was evaluated with Gibbs' diagrams. Fig. 3a and b show Gibbs' plots of total dissolved solids according to the ion ratios Na + /(Na + + Ca 2+ ) and Table 1 Major chemical composition of surface water and groundwater samples ) of groundwater in the two seasons. Most data points were distributed in areas of end members of the dominant rocks, conrming that the groundwater chemistry in the study area was dominated by the interaction between water and aquifer materials. In addition, one pond sample in the study area was dominated by atmospheric precipitation.
The chemical properties of the groundwater in the study area were mainly controlled by natural geochemical processes, although anthropogenic activities also inuenced the chemical properties of groundwater, especially in the shallow part of the aquifer. In aquifer systems, the chemical evolution of groundwater results from interactions among various processes, which are difficult to identify based on the solute balance.
14 However, the origins of ions and processes that control their concentrations can be determined by plotting bivariate diagrams.
18
Therefore, we created several plots of the relationships among major elements to identify the origin and processes contributing to groundwater mineralization.
The Na + /Cl À ratio is considered to be one of the most important indicators of the origin of groundwater, where a ratio of 1 represents halite dissolution. 19 The plot of Na + versus Cl À revealed a trend from excess Cl À (Cl À > Na + ) toward the 1 : 1 stoichiometric ratio line for hand-pump well, dug well, and borehole water samples in the dry season (Fig. 4a) . Meanwhile, most points for river water were situated along the halite dissolution line, although several high Na + /Cl À ratios were observed in borehole water samples in the rainy season (Fig. 4b) . Hence, during the dry season, the abnormal samples in the borehole waters above the hand-pump well water points were above the 1 : 1 stoichiometric ratio line, dug well water points were clustered around the 1 : 1 stoichiometric ratio line, and borehole water points were below the 1 : 1 stoichiometric line ( Fig. 5a and b) . Meanwhile, in the Ca 2+ + Mg 2+ versus HCO 3 À plot ( Fig. 6a and b) were observed among the hand-pump well, dug well, and borehole water samples (Fig. 8a) , suggesting that the increased SO 4 2À concentrations were driven by gypsum and anhydrite dissolution.
22
The studied aquifer system is composed of silicate minerals; therefore, the dissolution resulting from silicate weathering may have contributed to the groundwater chemistry. The bivariate mixing diagrams of Na + -normalized Mg 2+ versus Na + -normalized Ca 2+ ( Fig. 9a and b) could be used to evaluate the inuence of silicate weathering. 14 The observed waters were marked by carbonate dissolution, but one of the pond water samples was close to the global average silicate domain, indicating that carbonate dissolution was prominent, although silicate weathering also inuenced the groundwater solutes (Fig. 9a and b) ).
exchange. 25 Because pronounced silicate weathering was not seen in the studies waters, a bivariate graph of (Ca 2+ + Mg 2+ )- Fig. 9a and b ) was plotted to clarify the ionic exchange. 20, 26 In the graph (Fig. 10a) , a slope of approximately À1 would indicate active cation exchange in the aquifer. The dug well and dry season borehole water samples in the observed area had slopes of À0.53 and 0.04 (Fig. 10a) , respectively, indicating that cation exchange had no inuence on their water chemistry. Meanwhile, the river and rainy season borehole water samples had slopes of À15.8 and À4.1, respectively, indicating that cation exchange had a slight inuence on the water chemistry. Finally, hand-pump well water had a slope of À0.94 (approximately À1), indicating that cation exchange had a substantial inuence on the chemistry of hand-pump well water during the dry season.
We also examined two indices of base exchange, namely the chloro-alkaline indices (CAI-1 and CAI-2), 27 to evaluate ion exchange between Na + and K + in groundwater with Ca 2+ and Mg 2+ in the aquifer material.
The CAI-1 values were negative in most of the water samples ( Fig. 11a and b) , especially in the pond and borehole water samples during the dry season and all samples during the rainy season. By contrast, the CAI-2 values were positive in the pond and borehole water samples and most of the river, hand-pump well, and dug well water samples. This indicated that Mg 2+ and Ca 2+ in groundwater samples are exchanged with Na + and K + in the aquifer material, and that silicate dissolution or cation exchange may have caused the depletion of some cations in the groundwater samples. Fig. 10 Bivariate plot of (Ca
). Ion exchange processes are closely related to groundwater residence time and hydrological conditions. 28 Therefore, the ion exchange in deep water samples was closely related to the residence time according to the aquifer depth. Meanwhile, the shallow groundwater samples were located in a densely populated area. As a consequence of anthropogenic inuences, the shallow groundwater samples had higher N, K + , and Cl À contents. Generally, groundwater residence time and anthropogenic inuences are the main causes of ion exchange in groundwater chemistry.
Probable sources of potential contaminants
The water samples obtained in the study area were analyzed for heavy metals such as Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb, and the results are shown in Table 2 . Mn and Zn were found in relatively high concentrations. The Mn concentrations in ponds, shallow groundwater, and deep groundwater were 0.00-31.4, 0.00- We performed a principal component analysis (PCA) based on an eigenanalysis of the correlation matrix to identify associations among variables, and indicate the participation of the individual chemical parameters in several inuence factors, which is a common phenomenon in hydrochemistry. 30 Only parameters with correlation coefficients exceeding 0.50 were considered. Table 3 presents the correlation matrix of eight heavy metals (Cu and Ni, r ¼ 0.70**; Cr and Zn; r ¼ 0.55**; As and Zn, r ¼ 0.51**; Cd and Cr, r ¼ 0.60**; Cd and Zn, r ¼ 0.94**; Pb and Cr, r ¼ 0.56**; Pb and Zn, r ¼ 0.71**; Pb and Cd, r ¼ 0.86**). One interpretation of these observations is that, in groundwater, these trace elements had similar hydrochemical . However, in reducing waters, As is readily incorporated in insoluble minerals.
Multivariate statistical methods have been applied widely to investigate environmental phenomena 31 and reduce the dimensionality of data, to allow extraction of information for water quality assessments and surface water management.
32
Among these methods, PCA is oen used to simplify large, complex datasets and identify correlated variables, to reduce the number of variables explaining the total variance of the data. 33 In this study, PCA was applied to a dataset containing almost 814 values (22 parameters at 37 sampling sites) to compare the compositional patterns among the examined water systems and identify interrelated factors.
Seven principal components (PCs) had eigenvalues >1, accounting for almost 81.0% of the total variance in the dataset (Table 4) . PCs 1-3 explained 19.3%, 17.1%, and 14.4% of the total variance, respectively, accounting for the majority of the variance in the original dataset. PCs 4-7 were less important, and each of these four components explained similar amounts of variance (6.10-10.6%).
PC PCs 4-7 explained about 30.2% of the total variance; however, more detailed information is still needed to explore the sources of the ions of these components.
Conclusions
We used descriptive statistics, Piper trilinear diagrams, major ion ratios, and PCA to identify the predominant hydrochemical processes and characterize potential contaminants of groundwater in Qingyuan, China. Several conclusions were obtained from the results, as summarized below.
(1) Groundwater in the karst aquifer in Qingyuan is dominated by two main water types, Ca-HCO 3 and Ca-SO 4 , controlled mainly by the dissolution of evaporite minerals (e.g., calcite, gypsum, and/or anhydrite) and ion exchange processes. 
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